The effect of drying rate on the survival of three angiosperm resurrection plants, Craterostigma wilmsii (homoiochlorophyllous), Xerophyta humilis (poikilochlorophyllous) and Myrothamnus flabellifolius (homoiochlorophyllous) was examined. All species survived slow drying, but only C. wilmsii was able to survive rapid drying. C. wilmsii was rapidly able to induce protection mechanisms such as folding of cell walls to prevent mechanical stress and curling of leaves to minimize light stress, and thus survived fast drying. Rapid drying of X. humilis and M. flabellifolius appeared to allow insufficient time for complete induction of protection mechanisms. In X. humilis, there was incomplete replacement of water in vacuoles, the photosynthetic apparatus was not dismantled, plasma membrane disruption occurred and quantum efficiency of photosystem II (F V \F M ) did not recover on rehydration. Rapidly dried leaves of M. flabellifolius did not fold tightly against the stem and F V \F M did not recover. Ultrastructural studies showed that subcellular damage incurred during drying was exacerbated on rehydration. The three species co-occur in environments in which they experience high desiccation pressures. C. wilmsii has few features to retard water loss and thus the ability for rapid induction of subcellular protection is vital to survival. X. humilis and M. flabellifolius are able to retard water loss and protection is acquired relatively slowly.
INTRODUCTION
Desiccation tolerance is the ability of cells to revive from the air dry state (Bewley, 1979) . Vegetative tissues of most angiosperms cannot survive desiccation but there are some, termed resurrection plants (Gaff, 1971) , which do. While the mechanisms enabling these plants to survive desiccation are still not fully understood, it is generally agreed that most utilize a strategy of protection, induced during drying, against damage (Gaff, 1989 ; Bewley and Oliver, 1992 ; Ingram and Bartels, 1996 ; Farrant and Sherwin, 1998 ; Oliver, Wood and O'Mahony, 1998) . Repair of dehydrationand\or rehydration-induced damage, although an important component of tolerance, is thought to be insufficient to enable survival of dessication damage in angiosperms (Oliver et al., 1998) .
The protective mechanisms against dessication damage in angiosperms are complex and vary among species (Farrant and Sherwin, 1998) . These include : (1) the production of proteins, sugars and various compatible solutes, which maintain integrity of macromolecules and membranes and stabilize the subcellular milieu (Bianchi et al., 1991 (Bianchi et al., , 1993 Dure, 1993 ; Schneider et al., 1993 ; Ghasempour et al., 1998) . (2) Production of antioxidants to minimize free radical damage (Sherwin and Farrant, 1998) . (3) Subcellular re-organization, such as the folding of cell walls in the * For correspondence. Fax j27 21 6504041, e-mail farrant!botzoo.uct.ac.za
Craterostigma spp and replacement of water within vacuoles in the Xerophyta spp, to minimize mechanical damage associated with turgor loss (Farrant and Sherwin, 1998 ; Vicre et al., 1999) . (4) Dismantling of the photosynthetic apparatus and loss of chlorophyll in poikilochlorophyllous types, and leaf folding and chlorophyll shading in homoiochlorophyllous (chlorophyll retaining) types, in order to prevent light-associated damage (Hetherington and Smillie, 1982 ; Tuba et al., 1996 ; Sherwin and Farrant, 1998 ; Tuba, Proctor and Csintalan, 1998) . These protection mechanisms are generally induced during drying and it has been suggested that the time taken for their induction and establishment precludes survival of rapid drying (Gaff and Loveys, 1984 ; Bartels et al., 1990 ; Oliver et al., 1998 ; Tuba et al., 1998) . Oliver et al. (1998) have termed such plants ' modifieddessication tolerant plants ' and have suggested that inducible protection mechanisms evolved only in plants which are able to limit their rate of water loss. Indeed, angiosperms have various morphological and physiological features that could slow water loss.
There have been few studies on the effect of drying rate on the survival of angiosperm resurrection plants and all have been performed on isolated leaves rather than whole plants. Hetherington and Smillie (1982) Sherwin, 1995) .
The aim of the current study was to assess the effect of drying rate on viability of three types of resurrection plants, which have different strategies for coping with dessication stresses (Sherwin and Farrant, 1996, 1998 ; Farrant and Sherwin, 1998) although they co-occur and would thus experience similar environmental conditions. In order to compare the responses of poikilochlorophyllous and homoiochlorophyllous types we used whole plants of Xerophyta humilis (Bak.) Dub. and Schinz (poikilochlorophyllous) and Craterostigma wilmsii Engl. (homoiochlorophyllous) ; both species are small enough to allow manipulation of the drying rate of whole plants. Furthermore, to ascertain whether differences occur among homoiochlorophyllous species we also used the homoiochlorophyllous species Myrothamnus flabellifolius Welw. This species is a woody shrub which grows to 1n7 m in height. As its size precludes effective manipulation of drying rate, detached branches were dried. Excised branches and leaves have been shown to survive dessication (Gaff and Loveys, 1984) .
MATERIALS AND METHODS

Plant material
Plants were collected and maintained in a glasshouse as previously described (Sherwin and Farrant, 1996 ; Dace et al., 1998) until the initiation of experiments described below, which were performed under laboratory conditions.
Dehydration and rehydration
Slow drying of whole plants of C. wilmsii and X. humilis was achieved by withholding water from the soil and allowing the plants to dry naturally. For the rapid drying experiments, plants were carefully removed from the soil so as not to damage roots. The electrolyte leakage of roots was measured prior to drying in order to assess whether root damage had occurred during removal from soil and only undamaged plants were used for further experimentation. Whole plants were flash dried in an apparatus described in Farrant, Berjak and Pammenter (1985) . Silica gel-dried air was flushed from below the plants, which were suspended on mesh above four air diffusers, and was passed out above them through a perforated upper plate. Differential rates of drying of M. flabellifolius were achieved by drying branches of different size [5 g (small) s. 15 g (large)] in a lamina flow hood. Small branches dried rapidly and large branches dried slowly. Plants were maintained in the dry state for at least 1 week before rehydration.
Slowly dried plants of C. wilmsii and X. humilis were rehydrated by watering the soil. Roots of rapidly dried whole plants, and cut ends of branches of M. flabellifolius, were placed into water for rehydration. At regular intervals during the drying and rehydration processes plants were assessed as described below.
Electrolyte leakage
Membrane integrity was assessed by measuring the extent of electrolyte leakage from leaves of control (undried) plants and those dried rapidly or slowly to various RWCs. Leakage was also measured at various stages following rehydration of plants\explants. Five replicates of individual leaves of C. wilmsii and X. humilis and of combined leaves (with a total mass of 50 mg) of M. flabellifolius were used. These were placed in 30 ml Milli-Q (Millipore) ultra-pure water and conductivity was monitored at 5 min intervals for 30 min using a Jenway 4070 conductivity meter. Leakage rate was calculated (the slope of the line generated from the time course of leakage) and was corrected by leaf dry mass. Leakage values ( µS g dry mass − " min − ") are expressed as a percentage of the control.
Chlorophyll and carotenoid content
Photosynthetic pigments were extracted from three replicates of leaf tissue in 100 % acetone. The absorbance of the extracts was measured at 470, 644n8 and 661n6 nm using a Shimadzu UV-2201 light\UV spectrophotometer (Shimadzu Scientific Instruments Inc., USA). Chlorophyll (ajb) and carotenoid (xjc) contents were calculated using extinction coefficients provided by Lichtenthaler (1987) .
Chlorophyll fluorescence
A modulated portable fluorometer (OS-500 : OptiSciences, USA) was used to measure the quantum efficiency (F V \F M ) of leaves at various stages of dehydration and rehydration, using a saturating light intensity of approx. 4 mmol photons m − # s − " and a duration of 1 s.
Ultrastructure
Leaf segments (approx. 5 mm#) from at least five different leaves were processed for transmission electron microscopy (TEM) using the method previously reported for these tissues (Sherwin and Farrant, 1996) . Tissues were fixed in 2n5 % glutaraldehyde in 0n1  phosphate buffer (pH 7n2) containing 0n5 % caffeine. Post-fixation was in 1 % osmium tetroxide in phosphate buffer. Following ethanol dehydration the material was infiltrated and embedded in epoxy resin (Spurr, 1969) . Tissues were sectioned using a Reichert Ultracut-S microtome, stained with uranyl acetate and lead citrate (Reynolds, 1963) and viewed with a Jeol 200CX TEM.
RESULTS
Drying rate and rehydration
The slow (Fig. 1 A) and rapid ( Fig. 1 B) drying treatments resulted in markedly different rates of drying. Slowly dried plants of C. wilmsii and X. humilis took approx. 9 d to reach an air-dry state, whereas rapid drying to the same water content was achieved in 8 and 20 h, respectively. Rapidly dried branches of M. flabellifolius were air-dry by 14 h and slowly-dried branches after 2 d. In all species the final water content (g H # O g − ") achieved was similar regardless of drying rate (Table 1) . Although plants from all treatments were able to take up water during rehydration (data not shown), only C. wilmsii survived both drying treatments (see below). While roots from rapidly dried plants of X. humilis and cut stems of rapidly dried M. flabellifolius were able to 
absorb and transport water to the leaves, these plants did not recover physiological activity. Slowly dried plants\ explants of these two species did recover.
Electrolyte leakage
The extent of electrolyte leakage from leaves of C. wilmsii remained unchanged during both rapid and slow drying (Fig. 2 A) indicating that drying, regardless of rate, did not affect membrane integrity of leaves from this species. Slowly dried leaves of X. humilis (Fig. 2 B) and M. flabellifolius (Fig.  2 C ) also maintained levels of leakage similar to that of undried material. Rapidly dried leaves from those species showed marked increase in extent of electrolyte leakage at RWC below 40 %. Thus membrane integrity was not maintained during rapid drying and\or was compromised during the rehydration which occurred during measurement of leakage. The extent of electrolyte leakage during plant rehydration remained similar to that characteristic of the air-dry state (not shown), suggesting that membrane repair did not occur in rapidly dried leaves of X. humilis and M. flabellifolius.
Pigment concentration
The chlorophyll and carotenoid concentration of leaves of C. wilmsii declined by approx. 30 and 20 % respectively, during drying, regardless of drying rate. Full recovery occurred (85 % RWC, taking 40 h) during rehydration (Fig. 3 A) , indicating an ability to resynthesize the pigments. In X. humilis rapid drying resulted in the loss of approx. 55 % of both chlorophyll and carotenoid contents of leaves, whereas during slow drying virtually all chlorophyll was lost and there was a 70 % reduction in carotenoid content. Only the leaves from slowly dried plants were able to fully recover their pigment concentration (100 % RWC, taking 55 h) to control levels (Fig. 3 B) . Rapidly and slowly dried leaves of M. flabellifolius lost similar amounts of chlorophyll (approx. 50 %) and carotenoids (approx. 25 %) but, as for X. humilis, only the slowly dried leaves were able to recover their pigment concentration to control levels (100 % RWC, taking 48 h) upon rehydration (Fig. 3 C) .
Chlorophyll fluorescence
The changes in quantum efficiency (F V \F M ) of photosystem II (PSII) during dehydration and rehydration of the three species is shown in Fig. 4 . In C. wilmsii the changes in this variable were the same for both rapidly and slowly dried plants (Fig. 4 A) . F V \F M declined once RWC dropped below 20 % [after 2 h ( Fig. 1)] and recovery was re-initiated on rehydration (Fig. 4 D) at RWC above 40 %. PSII activity was fully functional by 80 % RWC. It would appear that PSII activity in this species is deactivated below a particular RWC (approx. 20 %) and is not affected by rate of drying to that RWC. During slow drying of X. humilis a decline in F V \F M occurred below a leaf RWC of 50 % whereas in rapidly dried plants this measure started to decline only after dehydration to 25 % RWC (Fig. 4 B) . Differences between these treatments could be related to differences in the extent of breakdown of the photosynthetic apparatus. At 50 % RWC, slowly dried leaves had already lost more than 50 % of their chlorophyll and thylakoids were partially dismantled (not shown) which would have contributed to the initial decline in PSII activity. Further decline in this measure was presumably due to further chlorophyll loss and thylakoid dismantling and ultimately to water limitation. Rapidly dried leaves retained much of their chlorophyll and thylakoid membranes were not dismantled during drying (Figs 3 and 9) enabling PSII activity to continue at lower water contents. These leaves, however, were unable to recover PSII activity on rehydration (despite the presence of some chlorophyll) suggesting that irreversible damage may have occurred to the electron transport system. Slowly dried leaves re-initiated PSII activity upon rehydration to 60 % and full recovery occurred by 90 % RWC (Fig. 4 E) . Changes in PSII activity in leaves of M. flabellifolius (Fig.  4 C) followed a similar trend to that observed in X. humilis. F V \F M began to decline at a higher water content in slowly dried leaves (50 % RWC) than in rapidly dried leaves (20 % RWC). During slow drying to 50 % RWC, leaves had reorientated through 90m and adaxial surfaces, which retained chlorophyll, were shaded from light. Abaxial surfaces, which are reported to preferentially lose chlorophyll (Goldsworthy, 1992) appeared brown and thylakoid membranes had become distended (Fig. 11) . Such changes could limit PSII activity. Rapidly dried leaves did not complete leaf folding and chlorophyll-retaining adaxial surfaces remained exposed to light, enabling PSII activity to continue at low (20 % RWC) water contents. As in X. humilis, rapidly dried leaves were unable to recover PSII activity, indicating damage to that system. Slowly dried leaves initiated recovery of PSII activity at 50 % RWC, coincident with the unfolding of leaves and was complete by 80 % RWC (Fig. 4 F) .
Leaf ultrastructure
Figures 5-14 show the subcellular organization of mesophyll cells from leaves of rapidly and slowly dried plants at 5 % RWC and following rehydration to 100 % RWC. Use of standard fixation techniques might have allowed slight rehydration of the desiccated leaves. However, studies using vapour fixation of dried leaves of M. flabellifolius (Goldsworthy and Drennan, 1991) and cryofixation of dried leaves of C. wilmsii (Vicre et al., 1998) have given similar results to those observed in this study. Furthermore, as all species in all treatments were fixed in the same manner, comparisons among them are valid.
The subcellular detail of dried and rehydrated cells of C. wilmsii from both drying treatments was similar and only that of rapidly dried leaves and rehydrated leaves are shown. Cell walls from dry leaves were characteristically folded [a mechanism thought to minimize mechanical stress (Farrant and Sherwin, 1998) ] and there was only slight withdrawal of the plasma membrane from the wall in some places (Fig. 5) . The integrity of that membrane and membranes from all other organelles appeared intact. Thylakoid membranes were present but displaced toward the periphery of chloroplasts, a feature which occurs during natural drying of this species (Sherwin and Farrant, 1996) . There was only a small degree of vacuolation. Upon rehydration, cells became enlarged as they became vacuolated and walls unfolded (Fig. 6 ). Chloroplasts were situated adjacent to the cell wall and resembled those from hydrated, metabolically active mesophyll cells. Ultrastructural observations of mesophyll cells from slowly dried plants of X. humilis showed that the plasma membrane had remained appressed to the cell wall and the outer membranes of organelles were intact (Fig. 7) . Several relatively large vacuoles were present, their content being granular in appearance as previously reported for this and other Xerophyta species (Dace et al., 1998 ; Farrant and Sherwin, 1998) . The filling of these organelles with compatible solutes during dehydration is believed to fill the cytoplasmic space and thus minimize mechanical stress (Farrant and Sherwin, 1998) . The thylakoid membranes had become vesiculated, as reported for poikilochlorophyllous species (Tuba et al., 1993 (Tuba et al., , 1996 Sherwin and Farrant, 1996, 1998) and chloroplasts contained clustered plastoglobuli but no starch. Upon rehydration, slowly dried tissue regained the organization typical of the hydrated metabolic state (Fig. 8) . Cells contained a single central vacuole, thylakoid membranes had reassembled and starch was present in the chloroplasts. During rapid drying, there was marked withdrawal of the plasma membrane from cell walls and the membrane was ruptured in places (Fig. 9) . Few small vacuoles were present and outer membranes of chloroplasts often appeared ruptured, and thylakoid membranes and starch were present. Upon rehydration, considerable cellular dissolution occurred (Fig. 10) .
Cells from slowly dried leaves of M. flabellifolius resembled those from naturally dried whole plants (Sherwin and Farrant, 1996) . Considerable plasma membrane withdrawal from the cell wall had occurred but the membranes were not ruptured (Fig. 11 ). The cytoplasm, in which there were numerous small vacuoles, occurred as condensed islands within cells. Chloroplasts were rounded and occupied large areas of the cytoplasmic space. All membranes of these organelles appeared intact, but the thylakoids had a swollen appearance. Upon rehydration, the cells became vacuolated, the plasma membrane was appressed to the cell wall and cytoplasm was peripherally distributed (Fig. 12) . Chloroplasts were elongated and the thylakoid membranes had the staircase arrangement which is typical of the hydrated metabolically active state in these plants. Cells from rapidly dried leaves resembled those from slowly dried leaves (Fig.  13 ) but some slight membrane damage was evident. Plasma membrane withdrawal was accompanied by some loss of continuity in places, and the outer membranes of organelles impinging on vacuoles were also damaged (Fig. 13) . Considerable subcellular damage occurred on rehydration (Fig. 14) . The plasma membranes of most cells were ruptured and the cytoplasm from those cells had generally degenerated.
DISCUSSION
Of the three species examined in this study, only C. wilmsii survives rapid drying. Rapidly dried leaves of C. wilmsii underwent similar changes observed to occur during slow drying, there was no apparent subcellular damage during either dehydration or rehydration, and recovery of metabolism occurred at the same rate and similar moisture contents as in slowly dried plants. Thus this plant is able to rapidly induce protection mechanisms.
Our previous studies have shown that induction of protection during drying plays a significant role in attainment of dessication tolerance in this species (Farrant and Sherwin, 1998 ; Sherwin and Farrant, 1998 ; Vicre et al., 1999) . In this respect it is a typically ' modified-dessication tolerant plant ' (mdt) according to the definition of Oliver et al. (1998) . While those authors suggest that drying has to be slow for survival to be ensured, there is no information on the maximum drying rate tolerated. Craterostigma plantigineum requires 24-48 h to survive drying to 15 % of fresh weight (Bartels et al., 1990) and it is inferred that this is the order of drying rate tolerated by mdt plants (Oliver et al., 1998) . This study has shown that many of the protection mechanisms (maintenance of integrity of subcellular organization, folding of cell walls, decline in quantum efficiency of photosystem II) occurred within 2-4 h of rapid drying. Thus the induction and expedition of protection is extremely rapid relative to other modified dessication tolerant plants.
C. wilmsii has few xerophytic features which would considerably retard water loss. The leaves are broad, comprised of spongy parenchyma (Sherwin, 1995) and there are few leaf hairs compared to C. plantigeum. The plants grow in shallow soils upon rocky outcrops in direct sunlight and frequently experience high water vapour deficits which could cause rapid drying. Furthermore, these plants undergo numerous cycles of drying and rehydration and a strategy based on rapid induction of protective mechanisms would be essential to ensure survival.
In both X. humilis and M. flabellifolius, the final water content of rapidly dried leaves was similar to that of slowly dried ones and thus the inability to survive rapid drying is due to the rate of drying rather than to the final water content achieved. We propose that during rapid drying there was insufficient time to put protection mechanisms into place, resulting in damage during dehydration which was exacerbated on rehydration. These species are thus typical mdt plants.
Rapidly dried leaves of X. humilis lacked features which have been proposed to afford mechanical stabilization [replacement of water in vacuoles with compatible solutes (Farrant and Sherwin, 1998)] and to prevent light stress [dismantling of the photosynthetic apparatus (Tuba et al., 1996 (Tuba et al., , 1998 Sherwin and Farrant, 1998) ]. The absence of vacuoles in leaves of rapidly dried plants was possibly due to insufficient time for accumulation of compatible solutes within them. This, in turn, could have contributed to the tearing of the plasma membrane and increase in electrolyte leakages measured. The thylakoid membranes were not dismantled and chlorophyll was not completely degraded in leaves from rapidly dried plants and this would have enabled light-chlorophyll interaction at low water contents. Excitation energy from chlorophyll can, under such conditions, facilitate free radical production. This has been cited as an important source of dessication-related subcellular damage (Smirnoff, 1993 ; Vertucci and Farrant, 1995 ; Sherwin and Farrant, 1998) . Leaf folding during drying of M. flabellifolius plants has been proposed to prevent light-chlorophyll interaction and thus light-induced damage (Farrant and Sherwin, 1998) . Rapidly dried leaves of M. flabellifolius did not fold and thus light damage may have contributed towards their loss of viability. Although ultrastructural studies showed little apparent damage in rapidly dried leaves, such drying may well have precluded mechanisms of tolerance, which were undetected in the current study, from being induced.
The three species used in this study occupy the same habitat and thus experience similar high water deficits during summer. X. humilis and M. flabellifolius have morphological features which are able to slow the rate of water loss. Leaf tissue of X. humilis is very sclerenchymatous (Gaff, 1977) and the plants grow in grass-like mats which retard the rate of water loss. M. flabellifolius is the largest of the resurrection plants, has sclerenchymatous leaves and an extensive rooting system. Natural drying in both species is slow, taking approx. 5 d after soil water is lost to become air-dry (Gaff, 1977 ; Sherwin et al., 1998) . Thus under natural conditions X. humilis and M. flabellifolius have more time than C. wilmsii to induce protection mechanisms.
Why can C. wilmsii induce protection so rapidly, when it is not possible in the other two species ? It is possible that the mechanisms in the former require less time to expedite, with some of them even being constitutive. It has been suggested that poikilochlorophylly is more time requiring than homoiochlorophylly because of the time required to dismantle the photosynthetic apparatus (Sherwin and Farrant, 1998 ; Tuba et al., 1998) . This, along with the time required to manufacture and target substances to vacuoles, might explain the need for slow drying in X. humilis. Although M. flabellifolius is typically homoiochlorophyllous in that it does not dismantle thylakoids, it does lose 50 % of its chlorophyll. Vacuole presence (size and\or numbers) in dry leaves of this species is more evident than in C. wilmsii but less so than in X. humilis. Thus, it is possible that the mechanisms of tolerance in M. flabellifolius are intermediate between those of C. wilmsii and X. humilis, and so the time required for completion of tolerance is also intermediate between the two. M. flabellifolius has been found to initiate rehydration metabolism at a rate intermediate to that observed in C. wilmsii and X. iscosa (Sherwin and Farrant, 1996) . These speculations need to be tested.
